Spindle assembly and function require precise control of microtubule nucleation and dynamics. The chromatin-driven spindle assembly pathway exerts such control locally in the vicinity of chromosomes. One of the key targets of this pathway is TPX2. The molecular mechanism of how TPX2 stimulates microtubule nucleation is not understood. Using microscopy-based dynamic in vitro reconstitution assays with purified proteins, we find that human TPX2 directly stabilises growing microtubule ends and stimulates microtubule nucleation by stabilising early microtubule nucleation intermediates. Human microtubule polymerase chTOG (XMAP215/Msps/Stu2p/Dis1/ Alp14 homolog) only weakly promotes nucleation, but acts synergistically with TPX2. Hence, a combination of distinct and complementary activities is sufficient for efficient microtubule formation in vitro. Importins control the efficiency of the microtubule nucleation by selectively blocking TPX2's interaction with microtubule nucleation intermediates. This in vitro reconstitution reveals the molecular mechanism of regulated microtubule formation by a minimal nucleation module essential for chromatin-dependent microtubule nucleation in cells.
Compared to the regulation of microtubule growth, the molecular mechanisms underlying microtubule nucleation are poorly understood. In spindles centrosome-, chromatin-, kinetochore-, and microtubule-dependent nucleation pathways work in parallel controlling microtubule nucleation 1 . The chromatin-dependent pathway drives local stimulation of nucleation around chromosomes 8 . A central player is the small GTPase Ran, which in its GTP-bound form (Ran GTP ) dissociates spindle assembly factors (SAFs) from their inhibitory interaction with nuclear transport receptors importins 1 . Ran GTP is produced locally around chromosomes [9] [10] [11] [12] . The resulting Ran GTP concentration gradient generates a gradient of SAFs released from importins triggering microtubule nucleation and spindle assembly in meiosis and mitosis [13] [14] [15] . The microtubule-dependent (branching) nucleation pathway, mediated by the augmin complex 16 , is also controlled by Ran GTP 17 .
A major Ran pathway target required for chromatin-stimulated and augmin-mediated microtubule nucleation and spindle assembly is TPX2 (Targeting Protein for Xklp2) [17] [18] [19] . Depletion of TPX2 from XEE abolishes chromatin-and microtubule-dependent microtubule formation 17, 19 . Its expression in cells is tightly regulated 20 . Reduction of TPX2 levels increases aneuploidy and elevates frequency of spontaneous tumour development in mice 21 , overexpression causes defects in microtubule organisation 20 and correlates with poor cancer prognosis and high metastasis frequency in humans 22 .
TPX2 is a multifunctional protein. Its central domain mediates interactions with importin α 23, 24 explaining its Ran-dependence 19 . One or more potential microtubule binding sites reside either in the N-terminus or the central part of TPX2, possibly overlapping with the importin binding site 25, 26 . TPX2 interacts with several other proteins involved in spindle assembly 17, 18, [27] [28] [29] [30] [31] [32] .
The N-terminus of TPX2 activates and stabilises Aurora A kinase (AurA) [33] [34] [35] . Whether TPX2 acts exclusively via AurA on microtubule nucleation is unclear with contradicting results having been reported 17, 21, 26, [36] [37] [38] [39] . Another important factor for Ran-dependent microtubule nucleation is the γ-tubulin ring complex (γ-TuRC) 40 , which is thought to facilitate nucleation by templating initial microtubule assembly 40 . TPX2-dependent AurA activation can stimulate γ-TuRC activity in XEE 39 . However, the lack of TPX2 or γ-TuRC in chromatin-driven microtubule formation can be partially compensated independently of AurA, most efficiently by the excess of XMAP215 37 . This suggests that parallel pathways may exist, where multiple factors act on nucleation with distinct, yet partly overlapping activities. TPX2 enhances branching microtubule nucleation independently of its AurA interaction, but depending on its microtubule binding ability 17 pointing to a direct role of TPX2 in nucleation.
Early in vitro work reported that high concentrations of purified TPX2 induced the formation of tubulin aggregates and interconnected microtubule bundles 23, 26 . Yet, it remains unknown if at physiological levels purified TPX2 is sufficient to nucleate microtubules efficiently, or if additional factors are required. Kinetic measurements of how TPX2 affects microtubule dynamics and nucleation alone or in combination with other proteins implicated in localised microtubule formation are lacking. Therefore, the molecular mechanisms underlying the functionality of the protein network controlling chromatin-dependent microtubule nucleation, and particularly the role of TPX2 herein, its interplay with XMAP215/chTOG and its regulation, are poorly understood.
Here we studied the direct effects of human TPX2 and chTOG on microtubule nucleation and dynamics using real-time fluorescence microscopy-monitored in vitro reconstitutions. We find that TPX2 interacts preferentially with growing microtubule ends at binding sites that are distinct from other autonomous microtubule end trackers. TPX2 prevents microtubule catastrophes and slows down shrinkage thereby increasing microtubule lifetimes. At physiological concentrations TPX2 strongly promotes microtubule nucleation by stabilising microtubule nucleation intermediates. Fast and efficient microtubule formation requires the additional microtubule polymerase activity of chTOG, which on its own displays only moderate microtubule nucleating activity. Importins inhibit combined TPX2:chTOG-mediated nucleation by blocking TPX2's ability to interact with nucleation intermediates. Together, our in vitro reconstitutions define the molecular mechanism underlying the functional synergy of a minimal TPX2:chTOG microtubule nucleation module and its regulation by importins.
RESULTS chTOG is a microtubule polymerase
We produced human chTOG ( Fig. 1a-b ) and characterised the biochemical activity of this member of the XMAP215 protein family. Using a Total Internal Reflection Microscopy (TIRFM)-based in vitro assay ( Fig. 1c ) we investigated how chTOG fused to monomeric GFP (chTOG-mGFP) localised to dynamic microtubules and how it affected their growth. Microtubules were grown from immobilised microtubule "seeds", which were stabilised by the non-hydrolysable GTP analogue GMPCPP, and elongated in the presence of Atto647Nlabelled tubulin and GTP 41 . Kymographs of dynamic microtubules showed that chTOG-mGFP accumulated at both growing and shrinking microtubule plus ends ( Fig. 1d , Supplementary Video 1). chTOG also strongly accelerated microtubule growth, like other XMAP215 family members 3, [42] [43] [44] in a dose-dependent manner saturating at ~ 200 nM chTOG with a 17-fold faster growth velocity ( Fig. 1e ). Similarly to XMAP215 3 , chTOG facilitated the depolymerisation of GMPCPP-stabilised microtubules in the absence of free tubulin (Fig. 1f ). This in vitro characterisation of human chTOG establishes it as a bona fide microtubule polymerase.
TPX2 binds to dynamic microtubules with a preference for growing ends
We purified full-length and truncated versions of mGFP-tagged human TPX2 ( Fig. 2a-b ), which appeared to be monomeric under our experimental conditions ( Supplementary Table  1 ). TIRFM showed full-length TPX2 accumulating all along growing microtubules, as expected 23 . This accumulation was already evident at low nanomolar concentrations ( Fig.  2c, e ). At sub-nanomolar concentrations, TPX2 bound preferentially to growing microtubule ends and to the GMPCPP-stabilised microtubule part ( Fig. 2d , f, Supplementary Video 2). The GMPCPP lattice appears to induce a high affinity conformation of TPX2's binding site that is normally present at growing microtubule ends.
A truncated construct (mGFP-TPX2 ΔN ) lacking the N-terminal region which contains the AurA interaction site ( Fig. 2a-b ), bound more weakly to microtubules, but with same preferences as full-length TPX2 (Fig. 2g ). An even shorter construct (mGFP-TPX2 mini ) additionally lacking the C-terminus ( Fig. 2a-b ), retained identical binding preferences, but bound even more weakly (Fig. 2h ). Therefore, the central part of the molecule is sufficient for TPX2's microtubule binding specificity, whereas the peripheral parts contribute to increasing binding affinity consistent with earlier reports of multiple microtubule binding regions in the protein 25, 26 . Neither full-length mGFP-TPX2 nor mGFP-TPX2 mini tracked shrinking microtubule ends ( Fig. 2i-j) .
TPX2 increases the lifetime of microtubules
TIRFM revealed that TPX2 had almost no effect on the growth speed of dynamic microtubules at concentrations ranging from microtubule end tracking conditions to complete lattice decoration ( Fig. 3a ). Nevertheless the microtubule lifetimes doubled in the presence TPX2 ( Fig. 3b, g) . This was mostly a consequence of a reduced catastrophe frequency (growth-to-shrinkage transitions) ( Fig. 3c, Supplementary Fig. 1 ) and depolymerisation speed ( Fig. 3f ) under conditions when TPX2 bound all along the microtubule lattice. This slow-down of depolymerisation increases the depolymerisation time ( Fig. 3i ) augmenting the likelihood of rescues (shrinkage-to-growth transitions) during shrinkage (Fig. 3b ), and reducing depolymerisation episode lengths ( Fig. 3h ). mGFP-TPX2 mini also inhibited catastrophes resulting in increased microtubule lifetimes, however at higher concentrations ( Fig. 3c , g); it had no major effect on other dynamic instability parameters ( Fig. 3d-f , h-i). In summary, full-length TPX2 increases microtubule lifetimes by acting as an anti-catastrophe factor and by slowing down depolymerisation, in agreement with a recent report 45 .
TPX2 recognises a unique binding site at growing microtubule ends
We analysed the preferential binding of TPX2 to microtubule ends, using mostly TPX2 mini , which constitutes the functional core of TPX2 with respect to its microtubule interaction. Averaged mGFP-TPX2 mini intensity profiles demonstrated that TPX2 accumulated in a short region at growing microtubule ends (Fig. 4a ). The length of this region increased with increasing growth speed, up to ~ 1 μm for the fastest tested condition (highest tubulin concentration) ( Fig. 4a ), somewhat reminiscent of the binding region of the established microtubule end binding protein EB1 [46] [47] [48] . However, different from EB1 and other autonomous end binders, the length of the TPX2 binding region extended with the overall time the microtubule spent growing ( Fig. 4b ) and with increasing mGFP-TPX2 mini concentrations ( Fig. 4c ).
Single molecule experiments either in the absence or presence of an excess of Alexa647labelled SNAP-TPX2 mini ('spike' experiment, Fig. 4d , left and right, Supplementary Figs. 2b, 3a) revealed that the TPX2 binding/unbinding turnover at the growing microtubule end was fast with a mean dwell time of 0.27 ms (= 1/k off with k off = 3.7 s −1 , Supplementary Fig.  3b ). This suggests that the increase of the average length of the TPX2 mini accumulation region with increasing growth speed and time, or TPX2 mini concentration directly reflects an increase of the length of the underlying TPX2 binding region and a structural property of the growing microtubule end. Single molecule turnover measured at increasing distances from the microtubule end (covering the TPX2 mini accumulation region) also reflected the microtubule conformation change away from the growing end (increasing dissociation constant k off and decreasing association rate r on , depending on the TPX2 mini concentration ( Fig. 4e ) and the duration of microtubule growth ( Supplementary Fig. 3c) ).
Single molecule turnover of mGFP-TPX2 mini on GMPCPP microtubules, to which TPX2 binds with high preference, was similarly fast as on growing microtubule ends ( Supplementary Fig. 3d-e ). Full-length TPX2 turned over more slowly agreeing with its higher binding strength ( Supplementary Fig. 3f ), yet dynamically, indicating absence of oligomerisation or aggregation, in contrast to previous observations 23, 39 . At microtubule ends growing in the presence of GTP the mGFP-TPX2 mini intensity fluctuated strongly ( Fig.  4f ). This may be a consequence of dynamic changes of the end structure of the unfinished tube as microtubules grow 49 . Interestingly, TPX2 also tended to accumulate on bent microtubules ( Fig. 4g ). Moreover, unlike EB1 50 , TPX2 did not bind strongly along microtubules grown in the presence of another GTP analogue, GTPγS ( Fig. 4h ). Nevertheless, TPX2 still accumulated at the growing ends of GTPγS microtubules ( Fig. 4h ), further suggesting that it recognises a unique structural feature not strictly coupled to the nucleotide state at the distal end of the growing microtubule.
These data demonstrate that the TPX2 binding region at growing microtubule ends has distinct properties compared to other autonomous end tracking proteins.
Surface-immobilised chTOG mildly stimulates microtubule nucleation
To test if these autonomous end binders, chTOG and TPX2, which have complementary effects on microtubule dynamics, promote microtubule nucleation we developed a TIRFMbased assay for the real-time observation of microtubule formation. We produced biotinylated full-length chTOG and TPX2 and, for controls, a biotinylated monomeric kinesin rigor mutant (Kin1 rigor ) ( Supplementary Fig. 2a ). The proteins were attached in an oriented manner via neutravidin to functionalised and polyethylene glycol (PEG)-passivated glass slides 41 (Fig. 5a , Supplementary Fig. 4a-b ). After addition of fluorescently labelled tubulin and GTP to surface-immobilised chTOG, a few microtubule nucleation and growth events were observed ( Fig. 5b , second and third row, Supplementary Video 3), similar to previous observations with XMAP215 51 . This effect was specific, because no microtubules were observed on a Kin1 rigor control surface ( Fig. 5b , top row, Supplementary Video 3), and it proportionally increased with chTOG concentration (Fig. 5c , left, Supplementary Fig. 4c ).
Surface-immobilised TPX2 stabilises and arrests nucleation intermediates
When biotinylated TPX2 was surface-immobilised, a granular mass of tubulin ('stubs') was recruited to the surface (Fig. 5b , bottom two rows, Supplementary Video 3), very different from the observations with immobilised chTOG. Only few microtubules were observed after more than 10 min. Accumulation of stubs occurred over several minutes ( Fig. 5c , right) in a dose-dependent manner increasing with higher TPX2 densities ( Fig. 5b -c, right, Supplementary Fig. 4b -c) and increasing tubulin concentrations ( Supplementary Fig. 4d-e ). Since TPX2 does not interact strongly with soluble tubulin dimers ( Supplementary Fig. 4f ), it may specifically stabilise larger tubulin assemblies on the surface that could represent nucleation intermediates [52] [53] [54] . However, these structures failed to transform into elongating microtubules, raising the question if additional activities could overcome the apparent arrest of microtubule formation.
The combined action of immobilised TPX2 and soluble chTOG promotes efficient microtubule nucleation
Remarkably, addition of chTOG to the assay with surface-immobilised TPX2 caused strong microtubule nucleation and growth within minutes (Fig. 5d , second and third row, Supplementary Video 4), in marked contrast to the absence of chTOG ( Fig. 5d , first row). When immobilised TPX2 was replaced by biotinylated Kin1 rigor , only few microtubules formed in the presence of soluble chTOG (Fig. 5d , fourth and fifth row, Supplementary Video 4), similar to the effect of immobilised chTOG alone (Fig. 5b , second and third row), emphasizing the specificity of TPX2 activity in combination with chTOG. Microtubule end binding protein EB1 could not functionally substitute for chTOG in the nucleation assay with surface-immobilised TPX2, potentially due to lack of a growth promoting effect under these conditions, and mostly only stubs were observed ( Supplementary Fig. 5 ).
These results demonstrate that the combined action of immobilised TPX2 and chTOG synergistically stimulate efficient microtubule nucleation and growth. It appears that on the TPX2-coated surfaces, chTOG can overcome a hindered transformation of nucleation intermediates into microtubules.
In solution TPX2 nucleates microtubules more efficiently than chTOG
To test whether immobilisation of TPX2 prevents the transformation of TPX2-induced nucleation intermediates, we modified the nucleation assay ( Fig. 6a ). We pre-incubated biotinylated TPX2 together with tubulin and GTP in solution before transferring the reaction mixture onto a functionalised neutravidin-coated glass surface, followed by TIRFM imaging. Strikingly within minutes, biotinylated TPX2 induced massive nucleation of slowly growing microtubules ( Fig. 6b , middle row, Supplementary Video 5). Hence in solution, TPX2-induced nuclei can transform into microtubules, a conformational change that is apparently inhibited when nuclei form directly on a TPX2 surface (Fig. 5b , bottom two rows). In contrast to TPX2, biotinylated chTOG promoted the nucleation of only few, fast growing microtubules in this 'solution' nucleation assay ( Fig. 6b , top row, Supplementary Video 5), similar to observations in the 'surface' assay ( Fig. 5b , second and third row). Nucleation promoting activities of both proteins were dose-dependent ( Fig. 6c-d) , with TPX2 promoting the appearance of an increasingly denser mass of shorter microtubules as opposed to fewer longer microtubules by chTOG ( Fig. 6c ). Hence in solution, TPX2 is considerably more efficient in promoting microtubule nucleation than chTOG, although TPX2 hardly accelerates microtubule growth.
Similar to the 'surface' nucleation assay ( Fig. 5d ), the efficiency of microtubule nucleation was enhanced by the combined action of TPX2 and chTOG (Fig. 6b , bottom row, Supplementary Video 5). Again, EB1 did not stimulate TPX2's nucleating activity or have an effect on chTOG-mediated microtubule nucleation ( Supplementary Fig. 6 ). This further demonstrates the specificity of chTOG:TPX2 microtubule nucleation module.
The central part of TPX2 is sufficient to stimulate microtubule nucleation
TPX2 mini also stimulated microtubule nucleation in solution in a dose-dependent manner (Fig. 7a , top two rows), however requiring higher concentrations than full-length TPX2, agreeing with its weaker microtubule binding (Fig. 2 ). Combining TPX2 mini and chTOG again further amplified microtubule formation (Fig. 7a , bottom row). Moreover, similarly to full-length TPX2, the minimal construct as well as TPX2 ΔN also appear to promote microtubule nucleation via stabilisation of microtubule nucleation intermediates as suggested by the recruitment of 'stubs' when only surface-immobilised protein is present in the assay ( Fig. 7b , Supplementary Fig. 7 , Supplementary Video 6). Therefore, the central part of TPX2 that contains its core microtubule binding domain and the importin interaction region also harbours its basic microtubule nucleating activity.
Importin α/β regulates synergistic TPX2/chTOG-dependent microtubule nucleation by interfering with TPX2's binding to nucleation intermediates
In XEEs, TPX2's nucleating activity is inhibited by importin α/β 19, 23, 26 . The mechanism of how this interaction inhibits TPX2 is still debated. Therefore, we produced human importin α and β ( Supplementary Fig. 2d ) and investigated whether importins are sufficient to regulate the efficiency of TPX2:chTOG-dependent microtubule nucleation.
In our nucleation assay with immobilised Kin1 rigor on the surface, the addition of importins to chTOG had no effect on the mild nucleation promoting effect of chTOG (Fig. 8a , first and second row, Supplementary Video 7). The combination of full-length mGFP-TPX2 and chTOG caused dramatic microtubule nucleation and growth ( Fig. 8a , third row, Supplementary Video 7), as in the previous experiments ( Fig. 5d, Fig. 6b ). mGFP-TPX2 decorated the nucleated microtubules ( Fig. 8a , third row), as expected for this TPX2 concentration ( Fig. 2c ). Addition of excess importin α/β to TPX2 and chTOG strongly suppressed nucleation ( Fig. 8a , fourth row) down to levels observed with chTOG alone (Fig.  8a , first and second rows), demonstrating that importins indeed inhibit synergistic TPX2:chTOG-dependent microtubule nucleation. TPX2 association with the few nucleated microtubules was severely reduced (Fig. 8a , bottom row). Importins also blocked TPX2's interaction with nucleation intermediates as their recruitment by surface-immobilised TPX2 was severely suppressed by importins ( Fig. 8b) . Thus, the inhibition of TPX2:chTOGmediated microtubule nucleation by importins is a consequence of interfering with TPX2's stabilisation of nucleation intermediates.
DISCUSSION

How microtubule nucleation is controlled during cell division is a major open question.
Multiple proteins whose interrelations are currently poorly understood are required for the Ran-dependent chromatin-37 and augmin-stimulated nucleation pathways 17 in spindle assembly. Our TIRFM-based in vitro reconstitutions show that the Ran pathway target TPX2 and the Ran-independent chTOG are two key players that cooperate in efficient microtubule nucleation.
We showed here that chTOG supported microtubule formation in solution rather weakly, presumably by its growth promoting activity. TPX2 however strongly stimulated nucleation likely by directly stabilising early nucleation intermediates. Differences to previous in vitro work 23, 26 may well be explained by different assay conditions. Here under real-time imaging conditions (no fixatives), physiological concentrations of TPX2 (100 nM in XEE 19 ) strongly stimulated nucleation albeit with slow microtubule growth. During spindle assembly efficient nucleation is combined with fast growth to achieve the rapid production and maintenance of a large dynamic microtubule mass 1, 37 . The minimal TPX2:chTOG microtubule nucleation module harbours these critical activities. Importins control this module by inhibiting TPX2-mediated stabilisation of nucleation intermediates, providing a potential mechanism for Ran-dependent localisation of microtubule nucleation in vivo.
Microtubule 'nuclei' may be viewed as growing microtubule end regions preceding the closed tube ( Fig. 8c ). Therefore, understanding how TPX2 and chTOG localise to and act on growing microtubule ends can provide insight into the molecular mechanism of how these two proteins facilitate microtubule nucleation. In contrast to short-lived nucleation intermediates 52 growing ends can be readily observed at steady state. Whereas chTOG showed the conserved behaviour of a microtubule polymerase, TPX2 suppressed microtubule catastrophes and reduced the depolymerisation speed, strongly stabilising dynamic microtubules without having a strong effect on the growth speed. Hence, these proteins affect different microtubule dynamic instability parameters, acting in a complementary manner.
Autonomous microtubule end binding as observed for chTOG is well established for this protein family 3, 42, 44, 55 , however it has not been described for TPX2 before. TPX2 behaved very differently from other end binders with characteristics that help to explain its role in microtubule nucleation. First, TPX2 stabilises its own binding sites at growing microtubule end regions by slowing down their transformation into mature lattice sites. This is likely at the origin of its stabilising effects on dynamic microtubules and nucleation intermediates. Second, TPX2 has a remarkably high preference for binding to GMPCPP microtubules. GMPCPP is considered the most GTP-like nucleotide analogue, and it strongly promotes microtubule nucleation and stabilisation 56 . The longitudinal inter-tubulin spacing in GMPCPP microtubules is longer than that of GDP microtubules 57, 58 . This spacing or another feature of a high affinity conformation of the yet unknown TPX2 binding site displayed by the GMPCPP lattice may possibly reflect a structure present at growing microtubule ends and nucleation intermediates with a favourable curvature, potentially different from that of the fully closed tube. This view is supported by TPX2's stronger binding to bent microtubules. Such curvature sensing was proposed for the neuronal microtubule-stabilising protein doublecortin 59 and XMAP215 family microtubule polymerases 60 .
In summary, TPX2 recognises a conformation that is absent in mature microtubules and may well be related to the curved tapered or sheet-like extensions observed at growing ends 49, 61 and to the still poorly understood structure of microtubule 'nuclei' [52] [53] [54] . Interestingly, immobilised TPX2 can arrest the transformation of stabilised nucleation intermediates into microtubules, suggesting that a large-scale conformational change such as tube closure is required. This closure can be promoted by the growth promoting activity of chTOG, suggesting that longer protofilaments with extended lateral contacts could facilitate the curvature change from nucleation intermediate to a microtubule 49 .
Our in vitro reconstitution of a synergistic nucleation module consisting of TPX2 and chTOG can explain why in XEE, both TPX2 and XMAP215 are required for Ran GTPdependent microtubule formation around chromatin 4, 19, 37 and why TPX2 facilitates microtubule nucleation from XMAP215 beads in this experimental system 62 . Ran GTP -driven microtubule nucleation in cells and in XEE also requires the master nucleator γ-TuRC 37 , which provides a structural template for assembling the helical microtubule lattice 40 . Posttranslational modifications or interactions with binding/targeting partners inducing conformational changes in γ-TuRC have been proposed to modulate its activity 40 . To integrate previous observations in a model, conceptually, the process of microtubule nucleation in cells may be divided into three phases: (1) Initial templated assembly of tubulins onto the γ-TuRC surface; (2) growth of a nucleation intermediate consisting of many tubulins that might resemble the tapered or sheet-like structure of growing microtubule ends; (3) closure of this intermediate assembly into a tube with typical GDP lattice characteristics.
This scenario would allow for multiple opportunities to regulate the nucleation efficiency. First, at the level of the γ-TuRC-mediated templating activity, for example by one of TPX2's indirect effects -phosphorylation of γ-TuRC interaction partners by TPX2-activated AurA 39 . Second, at the level of the nucleation intermediate that extends from the γ-TuRC template by the direct stabilisation of the unfinished lattice by TPX2 together with acceleration of its elongation by chTOG ( Fig. 8c ). Interestingly, both of these proteins were recently also reported to facilitate the initiation of growth from stable microtubule nucleation templates in vitro 45 . Finally, microtubule nucleation efficiency could be controlled at the level of protofilament growth and initial tube closure. Different types of regulatory input from overlapping pathways could easily be integrated in such a model: global regulation by constitutively active players such as chTOG, local regulation from the Ran pathway via TPX2's direct and indirect activities, and temporal control from cell cycle-dependent posttranslational modifications.
In the future, the extension of the in vitro reconstitution of the minimal nucleation module studied here by including additional regulatory factors, will allow the systematic dissection of the individual contributions of different proteins. Together, this will lead to a systems level understanding of the complex regulatory microtubule nucleation network and spindle assembly.
METHODS
Cloning and protein biochemistry
Human TPX2-The full-length protein coding sequence of human TPX2 (1-747 aa) was amplified by PCR using its cDNA as template (NM_012112.4, Origene) and cloned into modified pFastBacHta-based vectors. In these vectors the His 6 tag had been replaced with a StrepTagII (WSHPQFEK) (pFastBacSTREP), and either a monomeric green fluorescent protein (mGFP) 63, 64 , or a SNAP-tag coding sequence (NEB) had been inserted after the TEV protease cleavage site present in the original vector. This enabled the construction of expression plasmids for N-terminal fusion proteins of TPX2: StrepTagII-mGFP-G 5 A-TPX2 and StrepTagII-SNAP-G 5 A-TPX2 in which StrepTagII could be cleaved off by TEV protease treatment (Supplementary Table 2 ), final protein products being referred to as mGFP-TPX2 and SNAP-TPX2 throughout the manuscript. Expression vectors for similar Nterminal fusions of truncated versions of human TPX2 (TPX2 ΔN : 274-747 aa; TPX2 mini : 274-659 aa) were constructed in the same manner, referred to as mGFP-TPX2 ΔN , mGFP-TPX2 mini , and SNAP-TPX2 mini . In order to generate TPX2, TPX2 ΔN , and TPX2 mini expression constructs that could be biotinylated, the respective coding regions were cloned into a modified pFastBacDual vector under the control of a polyhedrin promoter to form an N-terminal fusion with Biotin Acceptor Peptide (BAP: GLNDIFEAQKIEWHE) followed by a G 5 -linker, monomeric blue fluorescent protein coding sequence (mTagBFP, Evrogen), and another G 5 A linker resulting in BAP-G 5 -mTagBFP-G 5 A-TPX2 (or TPX2 ΔN , or TPX2 mini , respectively) (Supplementary Table 2 ), referred to as biotinylated TPX2, biotinylated TPX2 ΔN , or biotinylated TPX2 mini . The P10 promoter in the same pFastBacDual vector drives the expression of Escherichia coli biotin ligase BirA to facilitate biotinylation of the acceptor tag during protein expression in insect cells. Baculovirus preparation and protein expression in baculovirus-infected insect cells (Sf21) for TPX2 constructs (but also all the other baculovirus-expressed proteins) were carried out using Bac-to-Bac system (Life Technologies) following the manufacturer's instructions.
Sf21 cells expressing StrepTagII-containing TPX2 proteins were resuspended in ice-cold lysis buffer (50 mM HEPES, 300 mM KCl, 25 mM sucrose, 1 mM EDTA, 5 mM 2mercaptoethanol (2-ME), pH 8.0) supplemented with 5 mM MgCl 2 , protease inhibitors (complete EDTA-free protease inhibitor mix, Roche), DNAse I (10 μg/ml, Sigma-Aldrich), and 10 mg of avidin per 1 litre of insect cell culture to absorb biotin from the cell culture medium (that would otherwise inhibit protein binding to affinity matrix by competition). Resuspended cells were lysed by douncing (40 strokes), the lysate was then clarified by ultracentrifugation (183,960 × g, 45 min, 4°C) and loaded on a StrepTrap HP column (GE Healthcare). After washing the column with lysis buffer, proteins were eluted with lysis buffer supplemented with 2 mM MgCl 2, protease inhibitors, 50 mM arginine, 50 mM glutamate, and 2.5 mM D-desthiobiotin. The N-terminal StrepTagII was cleaved off by overnight incubation with Tobacco Etch Virus (TEV) protease on ice. In case of SNAPtagged proteins, SNAP-Surface® Alexa Fluor® 647 (NEB) was added in the same reaction to label the protein fluorescently. The buffer was then changed to MES A buffer (20 mM MES, 2 mM MgCl 2 , 5 mM 2-ME, pH 6.0) via HiPrep 26/10 Desalting columns (GE Healthcare). Next, the protein was again run over the StrepTrap HP column to remove any uncleaved products that still contained the StrepTagII. The flow-through was pooled and loaded on a MonoS 5/50 GL column (GE Healthcare) pre-equilibrated with MES A buffer. The column was then washed with the same buffer and the protein was subsequently eluted using an increasing KCl concentration gradient in MES A buffer. Peak fractions were pooled and subjected to size exclusion chromatography using Superose 6 10/300 GL column (GE Healthcare) in TPX2 storage buffer (50 mM HEPES, 300 mM KCl, 2 mM MgCl 2 , 250 mM sucrose, 50 mM arginine, 50 mM glutamate, 5 mM 2-ME, pH 7.5). The peak fractions were pooled, concentrated via Vivaspin 15R concentrators (30,000 MWCO, Sartorius), ultracentrifuged (278,088.3 × g, 10 min, 4°C), aliquoted, snap frozen, and stored in liquid nitrogen. In case of mGFP-TPX2 ΔN , the ion exchange step was bypassed and, instead, after TEV cleavage, the buffer was immediately exchanged to TPX2 storage buffer, the protein was then run over a StrepTrap HP column, concentrated via Vivaspin concentrators, ultracentrifuged, and subjected to size exclusion chromatography, and processed as described above.
For the purification of in vivo biotinylated TPX2 proteins, the clarified was bufferexchanged via HiPrep 26/60 Desalting columns to fresh lysis buffer to remove biotin present in the insect cell growth medium. The lysate was then incubated with immobilized monomeric avidin resin (Thermo Scientific). After washing the resin with lysis buffer, proteins were eluted with lysis buffer supplemented with 2 mM MgCl 2, protease inhibitors, 50 mM arginine, 50 mM glutamate, and 2 mM biotin. The buffer was then exchanged to TPX2 storage buffer and the purification concluded with size-exclusion chromatography (Superose 6 10/300 GL) as described above for the mGFP-TPX2 ΔN .
Human chTOG-The full-length protein coding sequence of human chTOG (1-2032 aa, NP_001008938.1) was amplified by PCR using a plasmid containg its cDNA as a template (generously provided by Stephen Royle) and cloned into the pFastBacSTREP vector described above resulting in StrepTagII-chTOG in which StrepTagII could be cleaved off by TEV protease treatment ( Supplementary Table S2 ), creating a final protein product chTOG as referred to in this manuscript. To generate an mGFP-tagged version of chTOG, an mGFP coding sequence was inserted to the C-terminus of the chTOG coding region in the same construct to create StrepTagII-chTOG-A 2 G 5 -mGFP, where the StrepTagII could again be removed by TEV protease, creating a final product referred to as chTOG-mGFP. In order to generate a chTOG construct that could be biotinylated, its coding region was cloned into a modified pFastBacDual vector under the control of a polyhedrin promoter to form a Cterminal fusion with mTagBFP followed by a G 5 -linker and BAP. The chTOG coding region was separated from the rest of the tag by a G 5 -linker. The resulting construct chTOG-G 5 -mTagBFP-G 5 A-BAP (Supplementary Table 2 ) is referred to as biotinylated chTOG. The P10 promoter in the same pFastBacDual vector again drives the expression of biotin ligase BirA, Sf21 cells expressing recombinant chTOG proteins were resuspended in ice-cold chTOG storage buffer (50 mM Na-phosphate, 400 mM KCl, 2 mM MgCl 2 , 0.005% (vol/vol) Brij-35, 5 mM 2-ME, pH 7.2) supplemented with protease inhibitors, DNAse I (10 μg/ml, Sigma-Aldrich), and 10 mg of avidin. Resuspended cells were lysed by douncing (40 strokes), lysate was then clarified by ultracentrifugation (183,960 × g, 45 min, 4°C) and loaded on the StrepTrap HP column. After washing the column with chTOG storage buffer, separated by size-exclusion chromatography using Superose 6 10/300 GL column. The peak fractions were pooled, concentrated, and ultracentrifuged, aliquoted, snap frozen, and stored in liquid nitrogen.
For the purification of in vivo biotinylated chTOG protein, the clarified lysate was bufferexchanged via HiPrep 26/60 Desalting columns to fresh lysis buffer to remove biotin. The lysate was then incubated with immobilized monomeric avidin resin (Thermo Scientific).
Resin was washed with lysis buffer, followed by protein elution with lysis buffer supplemented with 2 mM biotin and protease inhibitors. The buffer was then exchanged back to chTOG lysis buffer via HiPrep 26/60 Desalting columns. Protein containing fractions were pooled and concentrated and the purification was concluded with sizeexclusion chromatography (Superose 6 10/300 GL) in chTOG storage buffer as described above.
Human EB1-Untagged human EB1 protein was expressed and purified as described previously65, except that size-exclusion chromatography via Superdex 200 10/300 GL column (GE Healthcare) was carried out in EB1 storage buffer: 25 mM K-phosphate, 350 mM NaCl, 2 mM MgCl2, 5 mM 2-ME, pH 7.4.
Monomeric Drosophila kinesin 1 rigor mutant-In order to generate a construct that could be biotinylated, the coding sequence of the monomeric Drosophila melanogaster kinesin 1 rigor mutant (1-340 aa, T99N) was amplified by PCR using pEY4-Kin401-T99N as template and cloned into modified pRSFDuet1 plasmid to create an N-terminal fusion protein: BAP-G 5 -mTagBFP-EFG 5 -Kin rigor , referred to as biotinylated Kin1 rigor The second T7 promoter of this vector drives the expression of the BirA biotin ligase (Supplementary Table 2 ). Human importin α and β-Full-length protein coding sequences of human importin α and β were amplified by PCR using their cDNA containing plasmids as templates (kindly provided by Rebecca Heald) and cloned into pETMZ vector to generate expression constructs: His 6 -Ztag-Impα and His 6 -Ztag-Impβ where the His 6 -Ztag could be removed by TEV protease treatment (Supplementary Table 2 ).
Importin α and β fusion proteins were expressed and purified in a similar manner to each other. Protein expression was induced in Escherichia coli BL21 pRIL by 0.1 mM IPTG at 18°C for 16 hours. In order to purify either of these proteins, cells were resuspended in lysis buffer (50 mM HEPES, 400 mM KCl, 10 mM MgCl 2 , 2.5 mM EDTA, 25 mM sucrose, 2 mM imidazole, 5 mM 2-ME, pH 7.2) supplemented with protease inhibitors and DNAse I and lysed using a microfluidiser. The lysate was clarified by ultracentrifugation (183,960 × g, 45 min, 4°C) and then incubated with Protino Ni-TED resin (Macherey-Nagel). After washing the resin with lysis buffer, proteins were eluted with elution buffer (50 mM HEPES, 300 mM KCl, 2 mM MgCl 2 , 2.5 mM EDTA, 25 mM sucrose, 400 mM imidazole, 5 mM 2-ME, pH 8.0). The protein containing fractions were pooled and the buffer was immediately exchanged to importin storage buffer (50 mM HEPES, 300 mM KCl, 2 mM MgCl 2 , 250 mM sucrose, 5 mM 2-ME) via PD-10 Desalting columns (GE Healthcare). The N-terminal His 6 -Ztag was cleaved off by overnight incubation with TEV protease on ice. The sample was subsequently concentrated using Vivaspin 15R concentrators, followed by ultracentrifugation (278,088.3 × g, 10 min, 4°C) and separation by size-exclusion chromatography using a Superdex 200 16/60 column (GE Healthcare). The peak fractions were pooled, concentrated, ultracentrifuged, aliquoted, snap frozen, and stored in liquid nitrogen.
Tubulin-Porcine brain tubulin was purified as described 66 and for fluorescence microscopy assays labelled with Atto565-N-hydroxysuccinimide ester (NHS; Sigma-Aldrich), or Atto647N-NHS ester (Sigma-Aldrich), or biotin-NHS ester (Thermo Scientific) according to published methods 67 .
The sequences of all newly cloned constructs were verified by sequencing. All protein purifications were carried out at 4°C. Protein concentrations were determined either using a Bradford protein assay, or for tubulin, by measuring the absorbance at 280 nm. Protein concentrations refer to monomers, except for tubulin concentrations, which refer to dimers. 
Size-Exclusion Chromatography Multi-Angle Light Scattering Analyis (SEC-MALS) of TPX2 constructs
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Europe PMC Funders Author Manuscripts ultracentrifuged (278,088.3 × g, 10 min, 4°C). The samples (40 μl volume, at 2 -3 μg/μl concentration) were then subjected to size exclusion chromatography using Superose 6 3.2 300 (GE Healthcare) in conjunction with MALS (DAWN8+/OptiLab t-REX; Wyatt) at room temperature. Three independent runs were performed for each construct.
Size-exclusion chromatography to test tubulin:TPX2 interaction
Tubulin and TPX2 were buffer exchanged to an ice cold buffer containing 80 mM PIPES (pH 6.8), 60 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 0.005% (vol/vol) Brij-35, 5 mM 2-ME. The proteins were then ultracentrifuged (278,088.3 × g, 10 min, 4°C) and diluted in the same buffer either alone or in combination at indicated concentrations. These samples were incubated on ice for 15 min before loading (400 μl volume) on Superose 6 Increase column (GE Healthcare) at 4°C. Tubulin:TPX2 interaction experiment was performed once for each tubulin:TPX2 ratio.
Total Internal Reflection Fluorescence (TIRF) Microscopy
Flow chambers for assays were assembled from biotin-polyethylene glycol (PEG)functionalized glass and poly (L-lysine)-PEG (SuSoS) passivated counter glass as described previously 41 . All experiments were imaged at 30°C ± 1°C on a TIRF microscope (iMIC, FEI Munich) described in detail previously 48, 65 unless indicated otherwise. Image acquisition and channel alignment were carried out as explained previously 48, 65 . Exposure times were between 60 ms (single molecule assays) and 150 ms (nucleation assays). Images were acquired either after every 60 ms (single molecule imaging on dynamic microtubules), 100 ms (single molecule imaging on GMPCPP-stabilised microtubules), 250 ms (localisation studies, microtubule end tracking experiments) or 2 s (microtubule lifetime measurements, nucleation assays). Laser powers as well as exposure times and acquisition frame rate were kept constant within a set of experiments to allow for direct comparisons between different conditions.
Dynamic microtubule assays-GMPCPP-stabilised biotinylated fluorescently labelled microtubule "seeds" for assays with dynamic microtubules were prepared as described 43 (containing 12% of either Atto647N-or Atto565-labelled tubulin). The assay itself is a modification of the protocol developed earlier 41 . In short, a flow chamber was sequentially incubated for 5 min with 5% Pluronic F-127 in MQ water (Sigma-Aldrich) at room temperature, washed with assay buffer (AB: 80 mM PIPES, 60 mM KCl, 1 mM EGTA, 1 mM MgCl 2 , 1 mM EGTA, 1 mM GTP, 5 mM 2-ME, 0.15% (w/vol) methylcellulose (4,000 cP; Sigma-Aldrich), 1% (w/vol) glucose, 0.02% (vol/vol) Brij-35) supplemented with 50 μg/ml κ-casein (Sigma-Aldrich), then incubated for 2 min on a metal block on ice in the same buffer additionally containing 50 μg/ml of NeutrAvidin (Life Technologies). The chamber was subsequently washed with AB and then incubated with AB containing an appropriate dilution of GMPCPP-stabilised microtubule "seeds" for 3 min at room temperature. Following additional washes with AB, a final assay mix (below) was flowed into the chamber and imaging was started 1 min after placing the chamber on microscope. Composition of the final assay mix: 75% (vol/vol) AB, oxygen scavengers (180 μg/ml catalase (Sigma-Aldrich), 750 μg/ml glucose oxidase (Serva)) diluted in BRB80 (80 mM PIPES, 1 mM EGTA, 1 mM MgCl 2 ), varying concentrations of tubulin (containing 5% of either Atto647N-or Atto565-labelled tubulin) in BRB80, and different mGFP-TPX2 or Alexa647-labelled SNAP-TPX2, or chTOG and chTOG-mGFP constructs diluted in their storage buffers. In order to keep the buffer composition of the final assay mix unchanged within a set of experiments and to allow for direct comparisons between experiments, the overall BRB80 and storage buffer content was kept constant within one set of experiments.
Single molecule assay on GMPCPP microtubules-Samples were prepared as described above for the dynamic microtubule assays; however GTP and tubulin were omitted from the final assay mix.
GMPCPP microtubule depolymerisation assay-This assay was performed essentially as initially described elsewhere 3 . Samples were prepared as summarised for the dynamic microtubule assays, using the same buffers and sequence of incubation steps, however GTP and tubulin were omitted from the final assay mix.
'Surface' microtubule nucleation assay-A flow chamber was sequentially incubated for 5 min with 5% Pluronic F-127 in MQ water at room temperature, washed with AB (described above) supplemented with 50 μg/ml κ-casein, then incubated for 2 min on a metal block on ice in the same buffer additionally containing 50 μg/ml of NeutrAvidin. The chamber was subsequently washed with TPX2 storage buffer (described above) and then incubated with an indicated concentration of protein constructs (biotinylated Kin1 rigor , biotinylated chTOG, biotinylated TPX2, biotinylated TPX2 ΔN , or biotinylated TPX2 mini ) diluted either in TPX2 storage buffer ( Fig.-s 5b -c, 8a-b, Supplementary Fig. 4a-e,) , or in AB (Fig. 5d, Fig. 7b, Supplementary Fig. 7 ) for 10 min on a metal block on ice. Following washes with AB at room temperature, a final assay mix (below) was flowed into the chamber, which was then sealed with nail polish. Imaging was started 1 or 2 min after placing the chamber on the microscope. Composition of the final assay mix: 75% (vol/vol) AB, oxygen scavengers (180 μg/ml catalase, 750 μg/ml glucose oxidase) diluted in BRB80, 12.5 μM tubulin (containing 5% Atto647N-labelled tubulin) in BRB80, 1 mg/ml bovine serum albumin (Sigma-Aldrich) in BRB80, and the indicated concentrations of mGFP-TPX2, chTOG, or EB1 diluted in their own storage buffers, and importin α/β complex, which had been individually buffer exchanged to AB using Zeba ™ Micro Spin Desalting Columns (7K MWCO, Thermo Scientific), and then premixed in AB. When the effect of importins on microtubule nucleation was tested in the presence of surface-immobilised TPX2 (Fig. 8b) , additional 3 min incubation step with 500 nM importin α/β complex (buffer exchanged as described above) at room temperature was included before flowing in the final assay mix containing Atto64N-labeled tubulin in the absence or presence of 500 nM importin α/β. Similarly to the dynamic microtubule assays, the buffer composition of the final assay mix remained unchanged to allow for direct comparisons between different experiments within one set of experiments.
'Solution' microtubule nucleation assay-The 'solution' nucleation was based on the 'surface' nucleation assay with the following modifications. While the flow chamber was incubated with Pluronic F-127 for 10 min, the final assay mix, as in the 'solution' nucleation assay, but now also including the biotinylated protein (either chTOG or TPX2) at the indicated concentration, was mixed on ice and ultracentrifuged (278,088.3 × g, 10 min, 4°C). In parallel, the flow chamber was washed with AB (described above) supplemented with 50 μg/ml κ-casein, and then incubated for 2 min on a metal block on ice with the same buffer that additionally contained 50 μg/ml of NeutrAvidin. The flow chamber was then washed with AB at room temperature and placed in a microscope heating box at 30°C. The ultracentrifuged final assay mix was transferred to 30°C to initiate nucleation in solution. After 1 min this nucleation mix was quickly flowed through the pre-warmed flow chamber.
The chamber was sealed with nail polish. Imaging was started 1.5 min after placing the chamber on the microscope.
Data analysis and image processing are described in detail in the accompanying Supplementary Note.
Reproducibility
Experiments were repeated three times, unless indicated otherwise. Representative images are shown. Number of events (number of microtubule growth and depolymerisation episodes, rescues and catastrophes, total polymerisation and depolymerisation time) measured for calculating microtubule dynamic instability parameters for different conditions, as well as statistics information is included in the figure legends. In case data for quantifications from less than three datasets were used ( Fig. 1e and 3a , Supplementary Fig.  1a, and 5b) , the datasets themselves were large and the described effects were observed reproducibly (dose-dependent growth promoting effect of chTOG, lack of growth promotion by TPX2 or EB1 under these conditions, and the prevention of microtubule minus end catastrophes by TPX2). Corresponding information about TPX2 microtubule end binding analysis (presented on Fig. 4 and Supplementary Fig. 3 ) can be found in the additional Supplementary Note. 
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Europe PMC Funders Author Manuscripts different chTOG, TPX2 and Kin1 rigor densities. Concentrations of biotinylated proteins used for surface incubation as indicated. The same Kin1 rigor curve is shown as a control for both chTOG and TPX2 plots. Note that the fluorescence signal typically represents the sum of several different tubulin species: soluble tubulin in the TIRF field (creating part of the background), immobilised individual tubulins (e.g. bound to chTOG), tubulin 'stubs' (bound to TPX2) and microtubules (bound to chTOG or TPX2). Raw intensities including background are shown. 
